whole worms does not reveal tissue-specific binding. Is SWI/SNF playing a role in specific tissues to promote longevity? Does SWI/SNF participate in the regulation of the cell nonautonomous targets of FOXO/DAF-16 (ref. 1)? Also, it is worth noting that several FOXO/ DAF-16-regulated genes were not affected by SWI/SNF perturbation. Is there another chromatin remodelling complex involved in the regulation of these target genes, or is the ATP-independent pioneer activity of FOXO/ DAF-16 sufficient to activate these genes? And what about genes at which FOXO acts as a transcriptional repressor -is a different complex involved at these genes? Finally, which SWI/SNF-FOXO/DAF-16 targets have the greatest impact on longevity? Are these genes involved in mammalian healthspan? This exciting study by Riedel et al. expands our mechanistic understanding of how pro-longevity transcription factors such as FOXO/DAF-16 work together with chromatin remodellers such as SWI/SNF, which should provide valuable insight into the mechanisms of longevity in mammals, including humans.
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A nexus for receptor recycling

Suzanne R. Pfeffer
Sorting nexin proteins (SNXs) and the cargo-selective retromer complex play key roles in receptor recycling from endosomes to the cell surface. A global proteomics analysis reveals a collection of cell surface proteins that rely on SNX27 and the retromer complex for their cell surface localization at steady state.
The mechanisms by which receptors are recycled from early endosomes to the cell surface have broad implications for our understanding of normal cell physiology and the molecular basis of several disease states. SNXs represent a large family of proteins that are implicated in receptor recycling 1, 2 , and SNX27 is involved in the recycling of the Kir3 potassium channel 3 and the β2 adrenergic receptor 4, 5 . In this issue, Steinberg et al. 6 use a sophisticated proteomics approach to catalogue the cohort of proteins that bind to SNX27, and those whose surface expression is altered following loss of SNX27 from cells. This work shows that SNX27 is important for the sorting and stability of a significant number of cell surface proteins, and documents a discrete recognition pathway for the localization of proteins needed for glucose and ion transport in mammalian cells.
SNXs contain a PHOX-homology (PX) domain that enables them to bind phosphatidylinositol-3-phosphate (PtdIns(3)P) on early endosomes, where most PtdIns(3)P is localized. Twelve mammalian SNX proteins also contain a bin-amphiphysin-rvs (BAR) domain and are thus called SNX-BAR proteins. BAR domains dimerize to form a curved surface that interacts with membranes and stabilizes membrane curvature 7 . BAR-domain proteins are important for the tubulation of endosomal membranes that accompanies (and may even drive) the process by which receptors are sorted for recycling.
Certain SNX proteins work in concert with the highly conserved retromer complex that is critical for endosomal protein recycling 8, 9 . In yeast, retromer is comprised of a trimer of subunits encoded by the Vps (vacuolar protein sorting) genes VPS35, VPS29 and VPS26 (which mediate cargo selection), together with a dimer of two SNX-BAR proteins, Vps5p and Vps17p. In mammals, the Vps5p homologues SNX1 and SNX2 dimerize with a Vps17p orthologue, SNX5 or SNX6. Retromer was first shown to be important for the recycling of proteins from endosomes back to the Golgi complex 8 . More recent work has shown a role for the retromer in recycling of certain receptors from endosomes back to the cell surface 9 .
Retromer also recruits the macromolecular WASH (Wiskott-Aldrich syndrome protein and SCAR homologue) complex to endosomes to promote the formation of branched actin networks 9 . The WASH complex may help to couple actin polymerization to drive tubule formation from the early endosome compartment. The term, retromer, will be used here to refer to a complex of VPS35, VPS29 and VPS26 proteins.
Certain SNX proteins recognize cargo directly: a PDZ domain in SNX27 enables it to bind to PDZ domain binding sites in the C-termini of the Kir3 potassium channel 3 and the β2 adrenergic receptor 4 ; SNX17 binds to β 1 integrins through its so-called FERM-like (4.1-ezrin-radixin-moesin) domain 10 . Like SNX17, SNX27 also contains a FERM-like domain. These SNX-receptor interactions are critical for the endosomal recycling of their binding partners [3] [4] [5] . Given the importance of SNX proteins in receptor recycling, characterization of their cargoes can provide mechanistic detail to our understanding of a broad swath of mammalian cell functions. To this end, Steinberg et al. 6 first used SILAC (stable isotope labelling by amino acids in culture) to identify interaction partners of GFP-SNX27. Like already characterized binding partners, many of the 77 interacting proteins also contain a PDZ 'ligand' binding site for the SNX27 PDZ domain.
To determine if the SNX27 binding partners rely on SNX27 for their trafficking, Steinberg et al. used short interfering RNA (siRNA) to deplete cells of SNX27 and then evaluated the composition of the cell surface proteome to determine if binding partner localization had been altered. Of 122 proteins lost from the surface of cells depleted of SNX27, 81 were also lost from the cell surface of cells depleted of the retromer subunit VPS35. The SNX27-and retromer-dependent cargoes included the glucose transporter GLUT1, the Menkes disease copper transporter ATP7A and the ZnT1 zinc transporter. In contrast, about half of the proteins lost from the surface of VPS35-depleted cells did not change following loss of SNX27, implicating another set of cargo receptors for that class of protein. Indeed, 37 of 81 proteins affected by SNX27 and VPS35 depletion were enriched in the SNX27 interactome.
Loss of SNX27 and retromer led to the enhanced turnover of the proteins studied, suggesting a positive sorting role for SNX27 in diverting proteins from degradation. Earlier work indicated that loss of the VPS26A retromer subunit led to an increase in cell surface mannose 6-phosphate receptors 8 (rather than a decrease), presumably because retromer was needed to remove these proteins from endosomes and carry them back to the Golgi complex. Thus it was surprising that in the present study, very few proteins actually increased in their cell surface abundance following loss of the VPS35 retromer subunit. This suggests that the major function of retromer in mammalian cells is in receptor recycling to the cell surface, rather than recycling to the Golgi complex. In the absence of VPS26A protein 8 , it is possible that the VPS26B protein influenced the trafficking of mannose 6-phosphate receptors in a manner not possible in cells lacking VPS35. This finding is consistent with work from Kornfeld and colleagues 11 , who were the first to show that only a small number of proteins recycle from the cell surface to the Golgi. Does SNX3 play a special role in endosome-to-Golgi transport 2, 9 ? The recent finding that transferrin receptor recycling relies on SNX3 (ref. 12) excludes this neat, directional categorization.
How does SNX27 link to other SNX-BAR proteins, the retromer complex and the WASH complex? Steinberg et al. 6 show that the SNX27 FERM-like domain binds to the membrane bending SNX-BAR protein SNX1. Although SNX17 and SNX31 also contain FERM domains, they are not SNX-BAR protein partners 6 . The PDZ domain of SNX27 binds to the retromer subunit VPS26, and can do so independently of its ability to engage cargo. Thus, SNX27 works in concert with the retromer subunits to recognize and sort cargoes into SNX-BAR tubules of early endosomes, driving their WASH-enhanced recycling to the cell surface.
Identification of a large set of cargoes for a single SNX protein can be seen as simplifying the potential complexity of cargo recognition in receptor recycling. However, recent work highlights the gaps in our knowledge regarding the full complexity of the early endocytic pathway. A new Rab14-dependent pathway drives recycling of the ADAM family transmembrane proteases 9 and 10, and this route is distinct from the Rab4-mediated pathway for α V β 3 integrin recycling and Rab11-mediated α 5 β 1 integrin recycling 13 ( Fig. 1) . Which of these 'early' endosome events also require retromer constituents? α 5 integrin relies on the VPS26-VPS29-VPS35 complex 6 and was previously shown to require SNX17 (ref. 10). A paradox is presented by the finding that retromer is recruited to endosomes as they acquire Rab7 protein -a hallmark of the transfer of cargo from early to late endosomes 2, 9 . Receptor recycling events are believed to take place before cargoes reach a Rab7 compartment. Perhaps some retromer can be recruited to SNX27 domains in conjunction with SNX-BAR proteins, at the time of late endosome conversion. Many years ago, Fred Maxfield proposed that simple segregation of cargoes into endosome tubules could be sufficient to explain the process of receptor recycling 14 . SNX and SNX-BAR proteins are clearly important for such tubule segregation that indeed occurs. It is now critical to decipher how many recycling routes are in play, and how the SNX and retromer subunits link to endosomal Rabs to drive receptor recycling from what seem to be multiple sorting stations to achieve recycling to the correct plasma membrane domain. . In this issue, Steinberg et al. reveal the broad role of SNX27 protein in receptor recycling in conjunction with the retromer complex. The β2 adrenergic receptor requires Rab4, SNX27 and retromer constituents 5, 6 . Recycling of α 5 β 1 integrin uses SNX17 and retromer, probably from a Rab11 compartment 6, 11 . Rab7 is required for retromer recruitment on a later endosome compartment 9 . The complexity of the early endocytic pathway was not anticipated, and how the Rabs work in concert with SNX proteins represents an important area for future work. The roles of Rab21, Rab25 and Rab35 are not shown.
Finally, the importance of SNX27 in rescuing receptors from degradation and enhancing their recycling to the cell surface has been confirmed in mice. Despite normal gross neuroanatomy, heterozygous deletion strains show defective synaptic function and deficits in learning and memory, due to loss of NMDA and AMPA receptors and overall decreased glutamate receptor recycling 15 . Furthermore, decreased SNX27 expression is seen in Down's syndrome following the loss of CCAATenhancer-binding protein β (C/EBP β), which turns out to be a SNX27 transcription factor. In Down's syndrome, a chromosome-21-encoded microRNA, miR-155, is overexpressed and negatively regulates C/EBP β and thus SNX27. Altogether, these studies confirm the importance of SNX27, both in Down's syndrome 15 and in non-neuronal cells 6 , for critical regulation of receptor recycling to the cell surface in normal and disease states.
